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Abstract 
With the increasing metabolic throughput, the city as a giant organism causes resource consumption and 
environmental pollution, which become a bottleneck for urban ecological systems to develop healthily. Using Beijing 
as an example, we adopt the material flow method to account for resource consumption and waste emissions during 
the urban metabolic process. Combined with a monetary input-output table (MIOT) for Beijing in 2002, we compile a 
physical input-output table (PIOT) and build an ecological network model of the urban metabolic system including 
45 nodes and 1761 network paths. Using flow analysis and utility analysis methods of ecological network, we can 
study the complex relationships and hierarchical structure to reveal the crux that results in the disorder of the urban 
metabolic process; thus, it can provide a scientific basis for healthy development of urban ecological systems. 
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1. Introduction  
An urban ecosystem can be analogous to an organism, and the emergence of urban environmental 
problems can be attributed to its incomplete metabolic mechanism. It can become a one-way vicious cycle, 
which leads to metabolic disorders [1, 2, 3]. With the acceleration of urbanization, research about urban 
metabolism becomes the focus of academics [3, 4, 5, 6]. Wolman first put forward the concept of urban 
metabolism in 1965. He regards the urban as an ecosystem and he thinks that urban metabolism is the 
process of supplying material, energy, and food to the system and outputting products and waste from the 
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system [7]. After his groundbreaking work, many scholars have made a thorough study of its meaning [3, 
4, 8, 9, 10, 11, 12, 14]. Application studies on urban metabolism focus on many aspects, such as metabolic 
accounting and evaluation about typical case cities, for example, American city [7], Hong Kong [4, 15, 16], 
Toronto [14], Shenzhen [17, 18], Taipei [13], and Beijing [19]. In these examples, most of the case studies 
are based on a black-box model. These research studies pay more attention to the external characteristics 
of the system and discuss integral input and output of the urban metabolic system, as well as an evaluation 
of the overall state of the system on the aspects about metabolic flux, metabolic intensity, and metabolic 
efficiency. However, there is still less research related to the inner mechanism of the system. Input-output 
analysis and material flow analysis method can account for urban metabolic process, and ecological 
network analysis can simulate the structure and function of urban metabolic system: therefore, they can 
combine with each other to provide a possible way to obtain the breakthrough.  
Input-output analysis is a method interpreting the physical relationship in the ecological-economic 
system [20, 21], including monetary input-output analysis [22] and physical input-output analysis [23, 24, 
25, 26, 27, 28, 29, 30]. Due to the changeability and volatility of value in MIOT, in order to understand 
the resource consumption and environmental emissions of each department in the economic system 
comprehensively, we should adopt physical input-output analysis to analyze the relationship between 
ecology and economy objectively. However, in recent years, both the national and regional scale input-
output tables in China are monetary tables; we need to compile PIOT by means of the material flow 
analysis method to realize our aims. Ecological network analysis (ENA) is also based on the input-output 
method [20] and put forward by Patten [31]. It is a method of studying systematic structure and function 
from the perspective of the whole system to simulate material and energy flow in the ecological system 
[32]. In recent years, large amounts of researches have emerged about ecological network analysis; 
however, at present the application is more focused on natural ecological systems and less on social 
economic systems [33, 34, 35, 36, 37, 38, 39]. Integrating the physical input-output analysis and 
ecological network analysis methods, we analyze the input and output of each component in the urban 
metabolic system and simulate the structural attribute, functional relationship, and hierarchical 
distribution; therefore, it can provide a scientific base for identifying the current urban ecological 
environmental problems and promote the health of the urban ecosystem.  
2. Methodology 
2.1 Compilation of the physical input-output table (MIOT) 
Based on the homogeneity of different product sectors in an input-output table, MIOT can be converted 
to PIOT by introducing the material intensity factor (namely, the amount of materials per unit price). Then, 
combined with the original material input and emission of pollutants, we build the conceptual model of 
PIOT (Fig. 1.). The model includes three primary parts: the first one is a traditional monetary input-output 
sub-table which presents the relationship of all sectors exchanging materials in the economic system; the 
second is a resource sub-table where the resources refer to the original resource input into the economic 
system such as minerals, crude oil and crops—namely the resources obtained directly from the natural 
environment; and the third is a waste sub-table including the wastes finally emitted to the natural 
environment such as wastewater, waste gas and solid waste, and also the unused domestic extraction 
during the manufacturing process of each department. Here, we assumed wastes as input and the value 
must be less than or equal to zero (some waste disposal can be zero). By compiling with the resource table 
and the waste table, they can reveal the relationship between the ecosystem and economic systems. 
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Fig.1. Conceptual model of PIOT (modified according to XU [40]) 
In the PIOT, we assumed that there are n production sectors, m categories of resources and k 
categories of wastes. The meanings of each symbol list below: 
xij: the monetary input from i sector to j sector to produce products in the monetary input-output table. 
Xi: the total input to i sector or the total output from i sector. 
Yi: the final demand of i sector, including import and export data.  
rij: the physical amount of resource input for category i to sector j, rij≥0. 
Ri: the total physical amount of resource input for category i to the whole socioeconomic system. 
w(m+i)j: the physical amount of waste for category i from sector j, w(m+i)j≤0. 
Wm+i: the total physical amount of waste for category i from the whole socioeconomic system. 
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ei: material intensity factor for i sector, namely the average weight of products per unit price for i sector. 
To the whole system, total input equals total output and the intermediate input equals intermediate 
output; therefore, the original material input equals final demand, namely:  
m k n
i m i i i
i 1 i 1 i 1
R W e Y
  
   
                                                                                                                           (1) 
To each sector, the input equals to output of each sector, namely: 
m k n n
ij m i j i ij j ji j
i 1 i 1 i 1 i 1
r w e x e x Y( ) ( )
   
      
                                                                                      (2) 
Because there exist the equation
n
j ji j j j
i 1
e x Y e X( )

 
, the above equation can also convert to 
m k n
ij m i j i ij j j
i 1 i 1 i 1
r w e x e X( )
  
    
. 
Here, two factors are introduced, namely material efficiency factor pij and material distribution factor 
dij. pij represents the amount of resources and emitted pollutants for category i per unit of economic output 
for j sector. dij represents the ratio of the amount of resources and emitted pollutants of category i needed 
for j sector accounted for total resources and emitted pollutants of category i needed for the whole 
economic system. Therefore, we can get the following matrices:  
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According to the equivalent relations among them, we can get material intensity vector E (e1, e2, ……, 
en), which can convert MIOT into PIOT, and it provides the basis for subsequent ecological network 
analysis. 
2.2 Construction of ecological network model  
According to the PIOT built in part 2.1, the whole urban metabolic system can be divided into 45 
sectors including internal environment, external environment and 42 product sectors (according to 
partitioning method of 42*42 input-output table) and domestic sector. Meanings represented by each 
sector appear in Figure 1. In order to distinguish the roles produced by the natural environment for 
different metabolic actors, we define the natural environment within the administrative boundary of 
Beijing as an internal environment. The external environment is the economic body and its environment 
beyond the administrative boundary of Beijing. The domestic sector consists of household consumption 
and government consumption. In the 42 production sectors, there is no data in the MIOT of the 
department about collecting waste materials, but there is still the treating and recycling industry in Beijing. 
So, we redefine the department of collecting waste materials as the recycling sector and represent the 
processing and recycling ability of recycling sector using the actual generating and removed amount of 
pollutants. According to the division of sectors and physical input-out relationship, we can access the 
ecological network model of urban metabolic system (Fig. 2.). In this network, points mean different 
pij= 
dij= 
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sectors, and the directed line segments between two points mean the interchange of materials between two 
sectors. i and j represent the point and jif  is the flow from i to j. In our paper, we built 45 points and 
1761 network paths. 
 
 
Fig. 2. Ecological network model of urban metabolic system 
Note: 1- Agriculture, 2- Coal mining and washing industry, 3- Petroleum and natural gas extraction industry, 4- Metallic minerals 
extraction industry, 5- Non-metallic minerals extraction industry 6- Manufacture of food and tobacco, 7- Textile industry, 8- 
wearing apparel, leather, down feather and their manufacturing industries, 9- Wood processing and furniture manufacturing, 10- 
Papermaking, paper printing and cultural and educational supplies manufacturing, 11- Oil processing, coking and nuclear fuel 
processing industry, 12- Chemical industry, 13- Manufacture of non-metallic mineral products industry, 14- Metal smelting and 
rolling processing industry, 15- Metal product industry, 16- General, special equipment manufacturing, 17- Transport equipment 
manufacturing, 18- Electrical, machinery and equipment manufacturing, 19- Communication equipment, computer and other 
electronic equipment manufacturing, 20- Instrumentation and cultural office machinery manufacturing industry, 21- Other 
Manufacturing, 22- Recycling sector, 23- Production and supply industry of electric power and heating power, 24- Production and 
supply industry of fuel gas, 25- Production and supply industry of water, 26- Construction, 27- Transportation and warehousing, 28- 
Postal service, 29- Information transmission, computer service and software, 30- Wholesale and retail establishments, 31- Hotels 
and catering services, 32- Financial insurance, 33- Real estate, 34- Lease and business services, 35- Tourist industry, 36- Scientific 
research, 37- Synthesis technique services, 38- Other social services, 39- Educational business, 40- Sanitation, social security and 
social welfare, 41- Culture, sports and entertainment, 42- Public management and social organization, 43- Domestic sector, 44- 
Internal environment, 45- External environment. 
Using a utility analysis and flow analysis of the ecological network, we can study hierarchy 
distribution. Utility analysis can clear ecological relationships between sectors in the urban metabolic 
system; hence, we can determine the up and down ranking and divide them into ecological roles such as 
producers, consumer and decomposers. Then, using flow analysis, we can calculate the contribution 
weight of each ecological role to determine the hierarchy structure. 
Utility intensity matrix U can quantize the utility relationship of using and being used for each node 
and further clear the status and function of each node in the system. Dimensionless integrated utility 
intensity matrix U can be obtained by dij which are calculated by net flow between network nodes and are 
the elements of direct utility intensity matrix D. 
 
0 1 2 3 m -1U = ( ) = D + D + D + D +...+ D +... = (I- D)iju                                                                                (3) 
( ) /ij ij ji id f f T                                                                                                                                     (4) 
1621H.Liu and Y. Zhang / Procedia Environmental Sciences 13 (2012) 1616 – 16231648 H. Liu and Y. Zhang / Procedia Environmental Sciences  8 (2011) 1643–1650 
 
Where Ti is the total input flow from other nodes to node i. In network utility analysis, the sign of an 
element in matrix U can be used to determine the nature of the interaction between two nodes of the 
network including exploitation, control, mutualism, competition, neutrality, commensalism, symbiosis 
without benefit, and so on, and identify the relationship types and relationship degree. In general, the signs 
in the main diagonal of sgn(U) represent the sign of matrix U. If we designate the sign of the utility of any 
element in U as su, the subscripts 12 and 21 represent flows from component 2 to component 1 and from 
component 1 to component 2 (respectively). 
According to sgn(U), we can confirm the hierarchy of certain nodes. Similar with the natural system, 
we can call the hierarchy as the trophic level. If (suij, suji) = (+, –), node i is at a higher trophic level than 
node j; if (suij, suji) = (+, +), it indicates there is a big gap between two nodes; if (suij, suji) = (-, -), the two 
nodes are at nearly the same trophic level. Because the relationships between different nodes are complex, 
we give priority to exploitation and control relationships. When the two relationships conflict with each 
other, a competition relationship is considered to determine the result. Afterwards, according to the direct 
flow fij between each node, a dimensionless integrated flow intensity matrix N can be calculated.  
  
0 1 2 3 m -1N = ( ) = G + G + G + G +...+ G +... = (I- G)ijn                                                                                  (5) 
  /ij ij jg f T                                                                                                                                          (6) 
Where Ti is the total input flow from other nodes to node i. Contribution rate can reflect the 
contribution weight of different nodes in the system. The diagonalized throughflow vector diag(T) post-
multiplied by the integrated intensity matrix N can obtain the matrix Y which reflects the contribution 
weight [41, 42]. The formula is as follows: 
Y = diag(T) N                                                                                                                                         (7) 
By calculating the sum of each column of matrix Y, we can get the column vector of matrix Y, yj = (y1j, 
y2j, …, y7j), which reflects the integrated flow intensity of node j contributed to other nodes. 
n
i 1
yij

 is the 
integrated flow intensity of node j to the whole system. From matrix Y, we can calculate the relative 
contribution weight of each component. 
Wj = 
i 1 1 1
y /
n n n
ij ij
i j
y
  
                                                                                                                           (8) 
3. Conclusion 
Integration of the PIOT and the ecological network analysis method can analyze the structure and 
function of the urban metabolic system. Based on PIOT compiled through introducing material intensity 
factors (namely the amount of materials per unit price), the ecological network model of urban metabolic 
systems can be constructed to study function relationships and inner structural distribution. This method 
can be regarded as an effective method for system analysis, and through research, we can distinguish the 
problems during the operating process of urban metabolic systems to provide a scientific base for healthy 
development of urban metabolic systems. In the future, this method can be taken into practice by many 
ways such as data measured and researched, and the approaches will provide more suggestions for urban 
sustainable development and comprehensive management more objectively and scientifically. 
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